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Mechanical Engineering

Aneuploidy, an accepted biomarker for malignancy, is typically assessed by flow (FCM) and
image cytometry (ICM). We used optical projection tomographic microscopy (OPTM) for
assessing cellular DNA content using different absorption and fluorescence stains. OPTM
combines some attributes of both FCM and ICM and provides quantitative cytometry with 3D
visualization of morphology. It generates submicron, isometric three-dimensional (3D) images of
nuclear features, performing multimodal imaging with exact co-registration. We further present a
novel automated method for 3D nucleus segmentation. First, nuclei of chicken erythrocyte, trout
erythrocyte and triploid trout erythrocyte standards were used to calibrate the OPTM for
stoichiometric DNA ploidy assessment. Thionin, as an alternative to Feulgen stain was optimized
for stoichiometry by varying the staining time. DNA indices were extracted from 50 images of
each standard and their ratios were compared to FCM. A similar comparison was done with
hematoxylin, Feulgen and sytox green labeling. The mean square error (MSE) of the three ratios
was highest with hematoxylin and least with Feulgen. Forty-five minutes (45mins) of thionin
staining time had least MSE among different thionin stains. Sytox green MSE was greater than
iii
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both thionin and Feulgen but less than hematoxylin. For all three ratios, variance of hematoxylin
was significantly greater than 45min thionin, which was greater than Feulgen (p<0.01). The
variance of sytox green was significantly greater than Feulgen but not less than 45min thionin
(p>0.01). From qualitative assessment of seven cancer cell lines, morphology was preserved only
for hematoxylin and Feulgen stain. Thus, Feulgen stain, like in 2D analysis, is stoichiometric
with least variance while also preserving nuclear morphology in 3D. We further tested feulgen
stain on seven different cancer cell lines for DNA index. We compared our results with FCM and
obtained an agreement on five cancer cell lines. The possible reason for discrepancies in two
cancer cell lines could be due to inaccurate three-dimensional segmentation. In conclusion we
present a novel technique for quantitative measurement of DNA content, while preserving the
nuclear morphology in 3D. The addition of this quantitative biomarker could further strengthen

existing classifiers and improve early diagnosis of cancer using 3D microscopy.

iv

www.manaraa.com



UW Graduate School
Master’s Supervisory Committee Approval Form

Student Instructions

o  Complete all fields on this form. Names must match what is on your title page and information must match what you
entered in the UW ETD Administrator Site.

o  Obtain original (ink) signatures — no faxes, scans, stamps, emails.

o Your signed form may be delivered in person, or by campus or postal mail, and must be received by 5:00 p.m. PST on
the last day of the quarter.

University of Washington

Graduate Enrollment Management Services (GEMS)
G-1 Communications, Box 353770

Seattle, WA 98195-3770

o GEMS will not be able to review your submission in the UW ETD Administrator Site or approve your thesis and
process your graduation until your signed form has been received.

o If your form is incomplete (missing information and/or signatures) or if GEMS receives it after 5:00 p.m. PST on the
last day of the quarter, you will be required to register the following quarter or pay the $250 Graduate Registration
Waiver Fee: http://www.grad.washington.edu/policies/general/regwaiver.shtml

Student Information

Student Name:  NITIN AGARWAL StudentID#: 1121124
Quarter/Year Graduation: AUTUMN/2013 UW Email Account: _agarwain@uw.edu
Name of Degree: __Master of Science Program: Bioengineering

Student Agreement

I certify that I have presented my master’s supervisory committee with the final copy of my master’s thesis for examination and
approval.

Signature of Student: j‘amrl*/‘gx— Date: 08/23/2013

Master’s Supervisory Committee Agreement

I certify that I have examined the final copy of the above student’s master’s thesis and have found that it is complete and

satisfactory in all respects, and that any emdallrevyired by the final
Signature of Committee Chair: —

ing committee have been made.

Date: 08/23/2013

Print name below line signatu;e’[z/ ricJ Seibel
Signature of Committee Co-Chair (if applicable): Date:
Print name below signature line:
=0, yJ
Signature of Committee Member: / e, Date: 08/23/2013
Print name below signature line: Prof Mathew O'Donnell
Signature of Committee Member: Date:

Print name below signature line:

Signature of Committee Member: Date:
Print name below signature line:

Questions: Please contact Graduate Enrollment Management Services (GEMS) at uwgrad @uw.edu or 206.685.2630.

www.manharaa.com



Acknowledgements

I would like to express my sincere gratitude to Dr Eric Seibel, who gave me the opportunity to
work in this interesting area of biomedical imaging, and for his continuous support and
encouragement. I would also like to thank Dr Anthony Reeves and Dr Alberto Biancardi for
assistance with 3D image processing. Thanks to Dr Alan Nelson for proving the Cell-CT and
making this research possible. I would also like to thank Sarah Shimer, Ben Hawthorne, Yuriana
Garcia, Florence Patten, Anna Tourovskaia, Greg Kramer, Elizabeth Asp, Ryland Bryant,
Mathew Watson, Christy Lancaster, David Steinhauer, Jon Hayenga, Michael Meyer, Rahul

Katdare for their technical support and assistance with sample preparation.

Special thanks to Charles Mahan, Kelly Hudkins, Donna Prunkard, and Dr Peter Rabinovitch of
Dept. of Pathology at University of Washington-Seattle for providing assistance with staining
and flow cytometry. Thanks to Biosure and ATCC for providing all the flow cytometry internal
standards and cultured cancer cells. I would also like to thank Richard Johnston, David Melville
and all the other members of the human photonics laboratory for their insightful discussions and
support. This collaborative research was made possible by funding from National Science
Foundation (CBET-1014976 & 1014813). Last but not the least, I would like to thank my parents

and family for their continuous love, encouragement and blessings.

vi

www.manaraa.com



Dedication

To My Family

vii

www.manharaa.com




Table of Contents

N 113 T Ot ii
ACKNOWIEdZEMENTS...c.uuiinniiiniiiiniiiniiiieiiiaiiintiiietetetesesssestossscsesssessossssssssonnsens vi
Table of CONteNtS....ccviueiieiiiiiiiiieiiiiiieiiitiieiiiiitiiteietieteietisciaceecsssesscsssssconces viii
LiSt Of FiUIeS...ciiuuiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiiitiiiitiietetatcsnstssnsssnssossosnsssnons xi
List 0f Tables....ciouiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieitiiecietietciesieciacesscsacenees xvi
List of Abbreviations......ccieeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiitiieiieciacieciecesccnees xvii
Chapter 1. Background and Significance.........ccooeviiiiiiiiiiiiiiiiiiiiiiiiiiiiiciennn 1
1.1 What i CancCer?....eeineeenseicsenssennsnecssnncssessssesssessssesssssssassssesssssssassssassssasssssssassssassss 1
1.2 Current techniques for cancer diagnosiS.......ccccceevverecrverisssnrcssssrcssnnrcssnncssssecssssessasses 2
1.3 Aneuploidy, a biomarker for cancer diagnosis 3
1.4 Current techniques for aneuploidy measurement 4
L.4.1 FIOW CYtOMEIIY.uutnnrumiesseesssrsssnesssssssnsssssssssssssssssssssssssssossssssnsssssssssssssssssassssssssssosassse 5
1.4.2 2D IMAage CylOMELIY.ueeeesssecsssrecsssrecssssesssssessssesssssssssssssssssesssssossssssssssssssnssssssssssssssses 6
1.5 ReSearch ODJECtiVe....uuicnneicsseicssnricssnnesssnnessssncsssncssssssssssessssssssssssssssssssssssssssssssssssssssss 8
Chapter 2 EXiSting 3D MICIOSCOPES...ccccvvererrserisssrressssresssrossssrossssrossssssssssssssssssssssssssssssssss 9
2.1 Optical Coherence TOmMOZraphy.........cuiiiivecccsencssnncssnncssssncssssesssssessssssssssessssssses 10
2.2 Photoacoustic TOMOZraphy.........ceiieiveciisrncissnncssnncssnnicssssesssssssssssssssssssssnssssssssnes 10
2.3 CoNTOCAl MICIOSCOPY..eeeerssrecssarecsssresssncssssncssasnsssssssssassssssesssssssssssssssssssssssossnsssssnsssssnss 11
Chapter 3. Optical Projection Tomographic Microscopy (OPTM) 13
viii

www.manaraa.com



3.1 Introduction 13

3.2 CONSIIUCTION . c.ueerseecruerssaensnessrecssnsssansssncsssecssnssssssssassssesssasssassssassssesssssssassssassssessansssaasss 16
3.3 Image acquisition 18
3.4 IMAage reCONSIIUCION....cocuiierrricrsricrsrricsssnessssressssnessssesssssesssssssssssosssssossssssssssssssssssssses 18
3.5 3D Segmentation 18

Chapter 4. Calibrating OPTM for stoichiometry DNA ploidy analysis..........ccccoeeeeee 24

4.1 Sample Preparation......ccccveeiiieiiieiiiiiiiieiiitiiietiietiitstststctstssstosssssssssnoes 24
4.2 FIOW CYLOIMELT Y .cccervurrersurrcsssrncssarscsssnesssnsesssssessssssssssssssssssssssessssssssssssssssssssssssssnssosssssoses 25
4.3 3D IMAZE CYLOMELTY.cceerurriersuricssnricssaresssssesssssessssesssssssssssssssssossssssssssssssssssssssssssssssssnes 25
4.3.1 Acidic thionin staining 26
4.3.2 HematoXylin StAINING.ceceesseesssesssrssssessasssssssssssssssssssssssssssssssssssasssssssssssssssssassssasssssosses 26
4.3.3 FEulZen StaININgG...ccesseesseesssrcssnesssnsssssssanssssssssssssssssssosssssssssssssssasssssssssssssssssassssssssssssses 27
4.3.4 SytOX Sreen StAININGu.ceescesssesssnessssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssassssssssasssss 27
4.4 DNA content analysiS......ccceeveeeessercsssnrcssricsssricsssnesssssssssssessssessssssssssssssssssssssssssnsssssnses 28
4.5 Results and Discussion 29
4.5.1 Stoichiometry 31
4.5.2 Variabilityeceseeesseessrcssessssnsssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssassssssssasns 32
4.5.3 MOTPROLOZY ueesrressressanssssssssssssresssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassss 32
4.5 CONCIUSION....uueiieiiiieiieiininsenestensnecssessnssssessssscssessssesssessssssssassssssssssssassssassssessaasssassns 36

Chapter 5. Testing stoichiometric DNA ploidy analysis with different cancer cell line 37

5.1 Sample Preparation......eecceeccssnrccsssncssssncssssncssssncssssessssssssssssssssssssssssssssssssssssssssssssnss 38

ix

www.manaraa.com



5.2 FIOW CYtOMELIY..ucccesurressrrcssnicsssnncsssresssssesssssessssesssssssssssosssssssssssossssssssssssssssssssssssssnses 38

5.3 3D IMAage CYtOMELIY...cccoveeierveresssnrcsssncssssrcssassossssssssssssssssssssssesssssssssssssssssssssssssssssssnss 39
5.4 Results and Discussion 39
5.4.1 DNA INdEX (DI) ceceerureserssensuncsanssnesaecsansnsssncsasssnsssncsssssassssssasssssssssssssssssssssssssssssssssssss 39
5.4.2 S-Phase fraction (SPF) ...ciccceicrcssecssaneossanesssnsesssnsesssssessassessassssnsssssnsssssasssssssesssssessans 47
5.4.3 MOTPROIOZY cceurierrissurcsnnssancssnsssnsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssassssssssss 47
5.5 CONCIUSION....uueiieiiiiiiriinsninseicsneisencssesssstsssesssssessessssesssessssssssassssesssssssassssassssessaasssassns 49
Chapter 6. Future directions and Conclusion...........cicvciincverisssercsssercssnncsssencsssnscssssecsenses 51
6.1 ClINical IMPACE.....cconeriirviiissrisisencnssnncssnncssssicssssssssssesssssessssssssssesssssssssssosssssosssssssssssss 51
6.2 IMProved OPTMu....uiiiciiciiiicnsnncssnicssnsicssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssses 52
6.3 Improved 3D SegMeNtatiON.......cccuveeiesvrricssrncssssncssssnesssressssnessssssssssssssssessssssssssssssssssns 53
6.4 Tissue Biopsies ANALYSIS.....ccuveiervricsvrisssnninssnncssssncssnncsssnsssssissssssssssssssssessssssssssssssnss 55
0.5 CONCIUSION....uueiieiiiieiiiiitinsenctensnecteesnesssesssnscssessssesssnssssssssessssessssssssssssassssessaasssaessns 55
List of references 57
X

www.manaraa.com



List of Figures

Figure 1. Cell cycle of a cancer cell 4
Figure 2. FACSAria™ III from Becton Dickinson 6
Figure 3. EVOS® FL auto cell-imaging system from Invitrogen 7
Figure 4. Basic setup of an optical projection tomographic microscopy (OPTM) 14
Figure 5. Sensitivity versus number of features: 96% specificity. Shown are average 15

sensitivities for 3D (blue) and 2D (red).
Figure 6. Schematic diagram on an OPTM. 17

Figure 7. Central slice of a cell showing agreement of manual markings (cyan and 19

yellow) with that obtained from computer using image threshold (green and red).

Figure 8. 3D segmentation of an A549 stained with feulgen stain. (A). Histogram and 22
(B). Merit function (i#;) of the central slice (J.) of the image across the same range of
intensity values. (C). Central slice of A549 cell with first peak used as the threshold

(D). Central slice of A549 cell with both the peaks used as the threshold. 3D surface
rendering of (E). axial, (F). sagittal and (G). coronal views of A549 cell computed by
applying automatically determined thresholds to the whole 3D image.

Figure 9. 3D segmentation of TTEN stained with 45min acidic thionin stain. (A). 23
Histogram and (B). Merit function (i#;) of the central slice (d.) of the nuclei image
across the same range of intensity values. (C). Central slice of TTEN nucleus image
(D). Central slice of TTEN nuclear region with the first peaks used as the threshold.
3D surface rendering of (E). axial, (F). sagittal and (G). coronal views of TTEN
nuclear region computed by applying automatically determined threshold to the whole

3D image.

xi

www.manaraa.com



Figure 10. Diagram showing the three internal standards along with acidic thionin 25

stain.

Figure 11. 3D renderings of the axial view of a TEN stained with (A). hematoxylin, 29
(B). 15min thionin, (C). 30min thionin, (D). 45min thionin, (E). Feulgen and (F). sytox

green.

Figure 12. (A). The mean and the standard deviation of 50 ratios of individual 30
observations for hematoxylin, sytox green and Feulgen stain along with ratios of DNA
indices obtained from FCM. (B). The mean and the standard deviation of 50 ratios of
individual observations for different thionin staining times along with ratios of DNA

indices obtained from FCM.

Figure 13: The MSE and its standard deviation along with 95% confidence interval of 31

different stains.

Figure 14. 3D visualization of morphology for three different A549 cancer cells 33

stained with feulgen stain.

Figure 15. 3D visualization of morphology for three different A549 cancer cells 33

stained with hematoxylin stain.

Figure 16. 3D visualization of morphology for three different A549 cancer cells 34

stained with acidic thionin stain having a staining time of 45 minutes.

Figure 17. 3D visualization of morphology for three different SKBR3 cancer cells 34

stained with acidic thionin stain having a staining time of 30 seconds.

Figure 18. Comparison of histograms of PC3 from FCM and OPTM. Histogram from 40
FCM contains both lymphocytes and cancer cells, while histogram from OPTM only
has cancer cells. There was a good correlation between both the histograms as most of
the cancer cells were concentrated around 4c region. The small green peak and the blue
peak following the 4c in the FCM histogram corresponds to the S phase and the G2

phase of the tumour population.

xii

www.manaraa.com



Figure 19. Comparison of histograms of HT29 from FCM and OPTM. Histogram from 40
FCM contains both lymphocytes and cancer cells, while histogram from OPTM only
has cancer cells. There was a good correlation between both the histograms as most of
the cancer cells were concentrated after 4c region. The small green peak following
aneuploidy peak in the FCM histogram corresponds to the S phase of the tumour

population.

Figure 20. Comparison of histograms of HepG2 from FCM and OPTM. Histogram 41
from FCM contains both lymphocytes and cancer cells, while histogram from OPTM

only has cancer cells. There was a good correlation between both the histograms as

most of the cancer cells were concentrated before 4c region. The small green peak and

the blue peak following aneuploidy peak in the FCM histogram corresponds to the S

phase and G2 phase of the tumour population.

Figure 21. Comparison of histograms of CaCO2 from FCM and OPTM. Histogram 41
from FCM contains both lymphocytes and cancer cells, while histogram from OPTM
only has cancer cells. There was a good correlation between both the histograms as
most of the cancer cells were concentrated at 6¢ region. The small green peak
following aneuploidy peak in the FCM histogram corresponds to the S phase of the

tumour population.

Figure 22. Comparison of histograms of SKBR3 from FCM and OPTM. Histogram 42
from FCM contains both lymphocytes and cancer cells, while histogram from OPTM
only has cancer cells. There was a good correlation between both the histograms as
most of the cancer cells were concentrated after 4c region. The green peak following
aneuploidy peak in the FCM histogram was removed for better visualization of the

aneuploidy peak with lymphocytes.

Figure 23. Comparison of histograms of A549 from FCM and OPTM. Histogram from 42
FCM contains both lymphocytes and cancer cells, while histogram from OPTM only
has cancer cells. There was not a good correlation between both the histograms as the
aneuploidy peak in FCM histogram lied between 2c and 4c while the peak in

histogram from OPTM was near 4c. The small green peak following aneuploidy peak

xiil

www.manaraa.com



in FCM histogram corresponds to the S phase of the tumour population.

Figure 24. Comparison of histograms of BT474 from FCM and OPTM. Histogram 43
from FCM contains both lymphocytes and cancer cells, while histogram from OPTM
only has cancer cells. There was not a good correlation between both the histograms as
the aneuploidy peak in FCM histogram was at 6¢ while the peak in histogram from
OPTM was between 4c and 6¢. The green peak following aneuploidy peak in FCM
histogram was removed for better visualization of the tumour peak along with

lymphocytes.

Figure 25. A comparison of DNA indices of seven different cancer cell lines from 43

FCM and OPTM.

Figure 26. Performance of global threshold segmentation technique on A549 cancer 45
cell line. (A) and (C) show the segmentation of cytoplasm on central slice of two
different A549 cancer cells. (B) and (D) show the segmentation of both cytoplasm and

nucleus on central slice of the same cancer cells.
Figure 27. Comparison of coefficient of variations of TEN between OPTM and FCM. 46

Fig 28. 3D axial views of (A). CacO2 cell (human colorectal adenocarcinoma), (B). 48
HepG2 cell (human liver carcinoma), (C). HT29 cell (human colorectal
adenocarcinoma), (D). PC3 cell (human prostate carcinoma), (E). SKBR3 cell (human
breast adenocarcinoma) and (F). BT474 cell (human breast carcinoma) stained with

Feulgen stain.

Figure 29. 3D images of (A). axial, (B). sagittal and (C). coronal views of an A549 cell 49
(human lung adenocarcinoma) in comparison with 3D images of (D). axial, (E).
sagittal and (F). coronal views of NL 20 (normal human lung epithelial cell) stained
with Feulgen stain. The nuclear morphology of a cancer cell is distinguishable from a
normal cell from culture. NL20 has dense concentrated chromatin content while A549

has a much more complex and heterogeneous chromatin content.

Xiv

www.manaraa.com



Figure 30. Performance of three different 3D segmentation algorithms used on cancer 54
cells. The left most column shows central slice of the cancer cell followed by
segmentation of that cancer cell using gradient method, followed by segmentation of
that cancer cell using graph cuts methods, followed by segmentation of that cancer cell
using graph cut with convex hull algorithm and finally 3D visualization of cancer cells

using graph cut and convex hull to the far right.

www.manharaa.com




List of Tables

Table 1: Results of a right tail F test (followed by Bonferroni correction in p value) 32

between different stains.

Table 2. DNA indices of seven cancer cell lines from OPTM and FCM. 44

Table 3. Table representing SPF values of different cancer cell lines. 47

www.manharaa.com




NCI
DCIS
IDLE
CT
FISH
CCDh
NA
DI
SPF
PI
DAPI
10D
ACIS
OPTM
FACscan
CEN
TEN
TTEN
MSE
FCM
ICM
Ccv
3D

2D
OCT

List of Abbreviations

National Cancer Institute

Dental carcinoma in-situ

Indolent lesion of epithelial origin
Computed Tomography
Fluorescence ins-situ hybridization
Charged couple device

Numerical aperture

DNA index

S-phase fraction

Proliferation index
4',6-diamidino-2-phenylindole
Integrated optical density value
Automated computer imaging system
Optical projection tomographic microscopy
Fluorescence activated cell sorting scan
Chicken erythrocyte nuclei

Trout erythrocyte nuclei

Triploid trout erythrocyte nuclei
Mean square error

Flow cytometry

Image cytometry

Coefficient of variation

Three dimension

Two dimension

Optical coherence tomography

xvii

www.manaraa.com



PAT Photoacoustic tomography
ESACP  European Society for Analytical Cellular Pathology

www.manharaa.com




Chapter 1: Background and Significance

1.1 What is Cancer?

According to the old definition, cancer is a broad group of diseases in which cells divide and
grow uncontrollably, forming malignant tumors and can metastasize to other parts of the body.
However there are some premalignant conditions like ductal carcinoma in situ (DCIS) affecting

the breast, which satisfies the above definition but is not cancerous (1).

Recently there has been a huge debate where the national cancer institute (NCI) was suggesting
whether or not they should redefine cancer. They said that low-risk growths in the breast,

prostate and elsewhere should no longer be identified as cancer, and screening efforts to spot
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them should be reduced. Renaming of such conditions should be considered relieving stress and

fear on patients and also helping them avoid unneeded and potentially harmful solutions.

The advent of highly sensitive screening technology in recent years has increased the likelihood
of finding incidentalomas, incidental findings detected during medical scans that most likely
would never cause a problem. However, once doctors and patients are aware a lesion exists, they
typically feel compelled for biopsy, treatment and removal of the lesion, often at physical and
psychological risk to the patient. This issue is often referred to as over-diagnosis, and the

resulting unnecessary procedures to which patients are subjected are classed as overtreatment.

The NCI suggested that any lesion detected during lung, breast, prostate and other cancer
screening should not be called cancer at all, and should be classified as an indolent lesion of

epithelial origin (IDLE) (2).

Hence the modified definition of cancer is a group of diseases in which there is unregulated cell
growth, which metastasize to other parts of the body and can be of serious consequences if

untreated.

1.2 Current techniques for cancer diagnosis

Currently 30.4 million deaths occur every year from non-communicable diseases. 7.6 million
deaths of out these are caused from cancer. 2.5 million deaths could be avoided with early

diagnosis, prevention and treatment (3).

Presently, cancer is diagnosed through appearances of signs or symptoms or through screening.
People with suspected cancer are investigated with medical test. These commonly are blood test,

X-rays, computed tomography (CT) and endoscopy. However neither of these lead to definite
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diagnosis. A pathologist makes the final diagnosis after examining the tissue biopsies taken from
the suspected organ. They view the biopsies under a bright field microscope and look for special
features or characteristic, which distinguishes cancer cells from normal cells (4). Some of which
are irregular nuclear membrane, heterogeneous chromatin content, high nucleus to cytoplasmic
ratio, macronucleus etc (4,5). They sometimes also search for specific biomarkers using
immunohistochemistry techniques such as fluorescent in situ hybridization (FISH) to make

definite diagnosis.

1.3 Aneuploidy, a biomarker for cancer diagnosis

Cancer cells generally have an abnormal DNA content with respect to normal cells. This
condition is usually referred to as aneuploidy. Aneuploidy is a biomarker, which has been
studied extensively in the past for early diagnosis of cancer (6-14). It has also been shown that
chromosomal aneuploidy is an early key event in tumour genesis caused by genetic instability
(14). Hence an accurate detection of the DNA content of a cell is very important for early

diagnosis of cancer.

Because DNA image cytometry results in nuclear integrated optical density (IOD) values in
arbitrary units, equivalent but not identical with nuclear DNA content, the quantitation of nuclear
DNA requires a rescaling of IOD values by comparison with those from cells with known DNA
content, so-called reference cells. DNA content of a cell is generally measured in terms of DNA
index (D.I). DNA index is defined as the ratio of the mean DNA content of the Go/G1 sample
peak divided by the mean DNA content of normal diploid Go/G1 human cell peak. Hence there
are no units for DNA index as it compares the DNA content of cell relative to a normal human

cell.
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Similar to DNA index, S-phase fraction (SPF) has also been found to be of prognostic value for
cancer diagnosis (15-17). SPF is a measure of cell proliferation and is defined as the percentage
of cells in S-phase divided by the percentage of cells in rest of the phases of the cell cycle
(Figure 1). The SPF may be used with the proliferative index (PI) to give a more complete
understanding of how fast a tumor is growing (18, 19). And the combination of D.I and SPF

provides a better classification for prognosis than either one alone. (15, 20-22).

5
&

M phase

Mitosiy

G2 phase

G1 phase

Go phase
{non-dividing cells)

Fig 1. Cell cycle of a cancer cell

1.4 Current techniques for aneuploidy measurement

Currently the two most common techniques to measure aneuploidy are flow cytometry (FCM)

and 2D image cytometry (ICM).
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1.4.1 Flow cytometry

Flow cytometry is a technology that uses a laser to interrogate a cell flowing past in a stream of
liquid. The sample is generally stained with a DNA specific fluorophore (Propidium lodide or
DAPI). As each cell from the sample passes through the laser beam, a series of simultaneous
measurements are made and the data is recorded. Three primary measurements are made:
forward light scatter (usually representative of cell size); side light scatter orthogonal to the beam
(mostly related to cell refractivity or granularity); and finally a series of spectral measurements

of fluorescence emission.

FCM is rapid with high throughput and uses fluorescence to quantify the DNA content inside a
cell. Hence it is currently considered the gold standard for stoichiometric aneuploidy
measurement. However it has few disadvantages like, it does not provide any visual
morphological distinction between a cancer cell and a normal cell, which is very important for
pathologist for making diagnosis. It requires a large sample, which is often difficult to obtain
during biopsies of organs, which are situated deep inside the gastrointestinal tract. Further,
though they provide accurate DNA ploidy analysis for near diploid tumors, they cannot
distinguish higher aneuploidy in single cells as FCM measures aneuploidy of an entire
population of cells. Thus small tumors having high DNA content can be masked by the presence
of non-tumor, inflammatory or normal diploid population (23-25). Figure 2 shows a standard

flow cytometer from Becton Dickinson.
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Figure 2. FACSAria™ III from Becton Dickinson

1.4.2 2D image cytometry

On the other hand 2D image cytometer (ICM) is a technology in which the sample is
stained with a stoichiometric dye, which could be an absorptive stain or a fluorescent
stain. However, the standard technique for quantitative DNA ploidy analysis uses an
absorptive stain (usually Feulgen), which binds to the DNA stoichiometrically. After
staining the sample on a microscopic slide, 2D optical transmission images are acquired
using a bright field microscope (6, 13, 23, 26). Image acquisition is followed by image
processing, in which individual cells are segmented using 2D segmentation techniques.

Once the cells are segmented, information about the cell and the sample is then derived.

For DNA ploidy analysis, IOD is calculated from intensities of individual cells, which

correlates to the DNA content of the cell if the stain is stoichiometric. This whole process
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is generally automated and instruments performing them are called automated cellular
imaging systems (ACIS). Figure 3 shows a diagram of such an automated cell imaging

systems.

Fig 3. EVOS® FL auto cell-imaging system from Invitrogen

ICM is ideal for small size populations. It also provides visual morphological distinction between
a cancer cell and a normal cell. Since it looks at individual cells, ICM can identify occasional
abnormal cells in the sample. However, one of the major drawbacks of ICM is that it has a low
throughput (23, 24). It has the capability to analyze 50 cells/sec as compared to an FCM, which
can analyze 5000 cells/sec (27). In ICM, despite the wide acceptance of Feulgen staining there
are several disadvantages such as the protocol is complicated and time consuming (28-30).
Further, once the sample is stained with Feulgen stain, restaining with other stains is not feasible,
which is often required by cytopathologists for additional characterization. Also finding every

rare cell and segmenting it out in ICM is very difficult due to overlap and fragmentation (6).
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Finally, only 2D images are used for analysis, which give inappropriate results as the cells and
their nuclear chromatin features are all 3D. Hence, an analysis using Feulgen stain on traditional

ICM may not be the best approach to give accurate results for early cancer diagnosis.

1.5 Research objective

The overall goal of this study is to develop a combined procedure of sample preparation, OPTM

imaging and computational processing for stoichiometric aneuploidy measurement.

Since OPTM provides 3D information of single cells, our objective was to use this technology
for stoichiometric DNA ploidy analysis. Further, due to the drawbacks of feulgen stain, we
investigated other nuclear stains, which binds to the nuclear DNA stoichiometrically and also
preserves nuclear morphology. For this, we had chosen acidic thionin stain, which is
stoichiometric as well as preserves nuclear morphology in 2D (28, 31-33). We stoichiometrically
optimized it for accurate DNA ploidy analysis in 3D. We further compared our results with other
common stains used in 2D cytology like hematoxylin (most common stain used in cytology for
diagnosis), feulgen (gold standard for stoichiometric aneuploidy measurement) and sytox green

(nuclear fluorescent stain).
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Chapter 2: Existing 3D Microscopes

Recently, techniques for obtaining 3D information about biological samples have been
developed (34-39). However, all are limited to either analyzing tissue samples or analyzing
confocal images using fluorescent dyes, making it unsuitable for current needs of
cytopathologists who rely on absorption based stains (40). Based on over 100 years of absorption
imaging correlation with clinical outcomes, cytopathologists have built a knowledge base for
disease diagnosis. Hence, a need for isotropic, high resolution, quantitative 3D imaging using
absorption staining is significant. Apart from OPTM there are many other 3D imaging modalities

in the market, which could have been used for aneuploidy measurement, however they generally
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had few disadvantages over OPTM for this particular application.

2.1 Optical Coherence Tomography

Optical coherence tomography (OCT) is a new type of optical imaging modality analogues to
ultrasound imaging, except that is uses light instead of sound. It is based on low coherence
interferometry and performs 3D imaging of tissue samples in real time. OCT performs high
resolution, cross-sectional tomographic imaging of the internal microstructure in materials and
biologic systems by measuring backscattered or backreflected light (38). The images are two-
dimensional data sets, which represent the optical backscattering in a cross-sectional plane
through the tissue. Although imaging depths are not as deep as with ultrasound, the resolution of
OCT is more than 10 to 100 times finer than standard clinical ultrasound. Using OCT in
combination with catheters and endoscopes enables high-resolution intraluminal imaging of

organ systems.

As compared to OPTM, though OCT is used for tissue morphologys, it is still yet to optimized for
nuclear morphology. Further it provides low resolution as compared to OPTM and uses

scattering as a means for contrast rather than absorption.

2.2 Photoacoustic Tomography

Photoacoustic tomography (PAT) is a 3D imaging technique based on the photoacoustic effect, a
phenomena first described by Alexander Graham Bell over one hundred years ago (39). PAT
aims to use the advantages of both optical and ultrasound imaging, without their disadvantages.

It combines the high contrast from absorption of light with the high resolution and penetration

10
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depth of ultrasound imaging. Hence it is sometimes also referred to as optoacoustic tomography

(41).

Basic idea of the photoacoustic effect is simple. Light is shone onto a sample, which absorbs a
fraction of the incident energy. This energy is converted into heat. The temperature rise leads to
thermoelastic expansion of the object. This sudden pressure rise propagates as a sound wave,
which can be detected. By detecting the pressure waves, one can localize their source (i.e., where
light was absorbed) and obtain important information about the studied sample. Real-time 3D
photoacoustic imaging has the potential to capture the physiology and pathology associated with
dynamic phenomena in three-dimensional space. Within the last decade, the photoacoustic effect

has been successfully used for in vivo biomedical imaging of different biological tissues.

As compared to OPTM, again PAT is generally used for analysing tissue morphology and is still
yet to be optimized for nuclear morphology. Further though it uses absorption as a means for
contrasts, it is extremely slow as compared to OPTM. Hence, the time it would take to analyze a

sample would be high.

2.3 Confocal Microscopy

Confocal microscopy is another imaging modality that provides high-resolution 3D images of
specimens. The basic idea of confocal fluorescence microscopy is that it actively suppresses any
signals coming from out-of-focal planes. Confocal microscope uses point source illumination
and a pinhole in an optically conjugate plane in front of the detector to eliminate out-of-focus
signals. As only light produced by fluorescence very close to the focal plane can be detected, the
image's optical resolution, particularly in the sample depth direction, is much better than that of

the traditional wide-field optical microscopes (42). However, as much of the light from sample

11
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fluorescence is blocked at the pinhole, this increased resolution is at the cost of decreased signal
intensity. In the biomedical sciences, a major application of confocal microscopy involves
imaging either fixed or living cells and tissues that have usually been labeled with one or more

fluorescent probes.

As compared to OPTM, confocal microscopes generally use fluorescence as a means for contrast.
Though some use absorption, but they are not commercially yet available. They generally use
lasers instead of halogen lamp, which makes them extremely expensive for use. Further confocal
microscopy does not provide isometric resolution like OPTM, which is very important for 3D
reconstruction. As a result, confocal microscopes maybe perfect for 3D viewing of specimens,

but not for performing quantitative studies.

12
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Chapter 3: Optical Projection Tomographic Microscopy

3.1 Introduction

3D optical projection tomographic microscopy (OPTM) combines attributes of both computed
tomography (CT) imaging with slow-flow cytometry. Unlike FCM or ICM, OPTM provides 3D
morphometric data like volume, shape and nuclear texture, which is very important for
cytopathologists who primarily rely on morphology of cell for cancer diagnosis. Thus it provides

quantitative cytometry along with 3D visualization of morphology.

13
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OPTM images single cells and proving 3D information about them. Figure 4 shows a basic setup
of an OPTM. It has also been shown in a study that as compared to 2D images, OPTM-captured
3D images of single cells result in threefold reduction in false negative rates for adenocarcinoma

detection without affecting its high specificity of 96% (43) (Figure 5).

Fig 4. Basic setup of an optical projection tomographic microscopy (OPTM)

14
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Fig 5. Sensitivity versus number of features: 96% specificity. Shown are average sensitivities for
3D (blue) and 2D (red).

OPTM generates 3D, submicron, isometric and high-resolution images of nuclear features (44).
In addition, OPTM can perform multimodal imaging (45) generating both bright field

transmission image as well as a fluorescence image with exact co-registration.

In the present study, we used OPTM along with an automated method for 3D nuclear
segmentation to compute the DNA content on a cell-to-cell basis using different absorption and
fluorescent stains for early cancer diagnosis. Since the entire volume of the nucleus is measured,
there is less uncertainty in the measure of total DNA content as every voxel is used to calculate
the integrated optical density. Variations in perspective of the nucleus from 2D images are
eliminated in a single OPTM image. Hence, quantitative 3D imaging on single cells using OPTM

is expected to provide more accurate and robust results as compared to a traditional ICM.
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3.2 Construction

The system was built on a wide-field optical microscope (Olympus [X71) with custom-designed
microcapillary-based rotation stage (44). Since OPTM can do multimodal imaging, both
absorption as well as fluorescence imaging was performed on the same instrument (45). For
absorption imaging, the light from the halogen lamp (QTH) is filtered by a diffuser and a color
filter. The filters were chosen so as to match the spectral properties of the absorptive dyes,
585460 nm and 546+20 nm for thionin/hematoxylin and Feulgen staining respectively (46, 47).
From the filter light passes through a 0.9 numerical aperture (NA) condenser, which focuses the
light onto the sample, collected by the objective lens and sensed by the monochromatic charged
coupled device (CCD) camera (Prosilica GE1650, 1600x1200, 7.4um pixel size). On the other
hand for fluorescence imaging, an epi-fluorescence setup was used, in which light from the
LEDs (pE100, Cool LED, UK) was filtered by an excitation filter and then reflected to an
objective lens by a dichromic mirror. Fluorescence signals from the sample were collected by the
objective lens, passed through the dichromic mirror, and were then filtered by an emission filter
before reaching the camera. Spectral properties of the fluorescent dye were matched with both

the excitation and the emission filter. Figure 6 shows a schematic diagram of an OPTM.

16
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Fig 6. Schematic diagram on an OPTM

The sample is flowed through a 50-micron inner diameter capillary tube. The tube rotates in an
oil-filled space between two flat, parallel glass slides. The optical gel (Nye SmartGel OC431A-
LVP) in which the sample is immersed and the oil, maintains a constant refractive index both

inside and outside the capillary, thereby minimizing the optical distortion caused by the

17
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curvature of the tube.

3.3 Image acquisition

Images are acquired using a process similar to that of a normal X-ray CT scan. A
pseudoprojection image is taken by axially scanning the objective focal plane through the sample
and optically integrating all the focal plane images using a high numerical aperture objective
(NA 1.3, 100x oil). The objective is mounted on a piezoelectric (PZT) positioner (NV40/1CL,
Piezosystem Jena, Jena, Germany), which is focused to the CCD camera. The axial scanning
range is adjusted for different samples in order to cover the entire sample. 500 such
pseudoprojection images are taken in one complete rotation by rotating the capillary tube at
uniform angular intervals of 0.72 degrees. The specimen location inside the tube is also tracked,

so that accurate focal plane scanning could be accomplished during tube rotation.

3.4 Image reconstruction

The 500 2D pseudoprojections obtained during image acquisition are then reconstructed using
filtered backprojection algorithm (similar to what is being used in X-ray CT) to obtain the 3D

structure of the specimen.

3.5 3D Segmentation

3D segmentation of the reconstructed images is done at Cornell University (Ithaca, NY). Image
segmentation for the nucleus and the cytoplasmic regions in 3D optical microscope images is
based on the observation that three primary regions (background, cytoplasm and nucleus) have
significantly different image intensities. Hence the nucleus has the highest image intensity
followed by the cytoplasm and finally the background. The automated 3D segmentation

technique uses a global threshold based on image intensity gradients.
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Single cell segmentation method is based on two observations. First, manual markings are well
matched to an image threshold (as is the case for x-ray based CT images as the reconstruction
image intensity is directly related to the optical density) as shown in Figure 7. Second, there is a
high image gradient in most of the transition region between the two different primary regions.
However the gradient is not uniform along the border of the targeted region so it cannot be used
as the only information for region segmentation. From empirical tests it was found out that the
maximum in the laplacian is best correlated with the manual markings of boundary of different

region types.

Fig 7. Central slice of a cell showing agreement of manual markings (cyan and yellow) with that
obtained from computer using image threshold (green and red).

For a cell, first such transition occurs at the surface boundary of the cytoplasm and the

background and for nuclei, it occurs at the surface of the nuclear envelope. For an optical-

tomography 3D image I, with a central image slice /., the following were the steps used for 3D

segmentation of the nuclei from the background (or cytoplasm in case of a cell):

19

www.manaraa.com



1. Edge enhancement was carried out using an algorithm from Deriche (48, 49). The
gradient magnitude of the central slice image I, was calculated. Further, its gradient

magnitude was computed and termed as g..

gc = ”V”V(Ic)””

2. A merit mapping of I, was generated, where for every possible image intensity i, a merit
value (m;) was computed. For this, the boundary (B;) of the binary region selected by
that image intensity was computed. After which, the mean value of the gradient image
(calculated in step 1) over the pixels belonging to the region boundary was calculated

and termed as merit value:

me= () go)/IBi

3. The peaks in the merit map serve as the threshold to segment the three primary regions.
Typically for a cell, the threshold that corresponds to the first peak (maximum value) of
the merit mapping (i.e. the mean gradient) is selected as the segmentation threshold for
the cytoplasm and the threshold that corresponds to the second peak is selected as the
segmentation threshold for the nucleus. For the nuclei, since they don’t have cytoplasm,
only the first peak was considered to compute the full 3D segmentation of the nuclear

region.
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As an example, Figure 8 and Figure 9 shows image analysis on an A549 (human lung
adenocarcinoma) stained with feulgen and triploid trout erythrocyte nuclei (TTEN) stained with

45 minutes thionin stain respectively.

In both examples there were two significant peaks in the merit function graph. In case of an
A549, the first peak correlated to the cell boundary, which separates the cytoplasm from the
background. And the second peak correlated to the nuclear boundary, which was used for
computing the IOD. On the other hand for the TTEN nuclei, only the first peak was used as an
estimate to compute the threshold for the nuclear membrane, though there was no visible feature
in the histogram relating to that value. The second peak corresponds to features within the
nucleus. Surface rendering of the whole segmented region for both the cell and the nuclei are
also shown for three orthogonal viewing directions (Figure 8. E-G and Figure 9. E-G). The blue
colour in Figure 8 represents the cytoplasm while the yellow represents the nucleus. In Figure 9,
the blue colour represents the residual staining of the 45min thionin stain, while yellow again

represents the nucleus.
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Fig 8. 3D segmentation of an A549 stained with feulgen stain. (A). Histogram and (B). Merit
function (m;) of the central slice (I,) of the image across the same range of intensity values. (C).
Central slice of A549 cell with first peak used as the threshold (D). Central slice of A549 cell
with both the peaks used as the threshold. 3D surface rendering of (E). axial, (F). sagittal and (G).
coronal views of A549 cell computed by applying automatically determined thresholds to the
whole 3D image.
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Fig 9. 3D segmentation of TTEN stained with 45min acidic thionin stain. (A). Histogram and (B).
Merit function (m;) of the central slice (/) of the nuclei image across the same range of intensity
values. (C). Central slice of TTEN nucleus image (D). Central slice of TTEN nuclear region with
the first peaks used as the threshold. 3D surface rendering of (E). axial, (F). sagittal and (G).
coronal views of TTEN nuclear region computed by applying automatically determined

threshold to the whole 3D image.
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Chapter 4: Calibrating OPTM for stoichiometry DNA ploidy analysis

4.1 Sample Preparation

Chicken erythrocyte nuclei (CEN), Trout erythrocyte nuclei (TEN) and Triploid trout
erythrocyte nuclei (TTEN) (Biosure, Inc. USA) were used as internal standards to calibrate the
OPTM (Figure 10). Human lymphocytes (HemaCare Corporation, USA) were used to calculate

the D.I of each internal standard using FCM.
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Fig 10. Diagram showing the three internal standards along with acidic thionin stain.

4.2 Flow cytometry

Flow cytometry was performed in Dr Peter Rabinovitch laboratory, Department of Pathology, at
University of Washington. Standard FCM was performed on all the three samples and
lymphocytes, which were fixed in 50% ethanol according to the conventional protocol and the
manufacturer’s instruction (50). Each sample was resuspended in an isotonic pH 7.4-buffered
solution with 0.1% nonidet P-40 detergent, 10 ug/ml diamidino-2-phenylindole (DAPI) and 1%
RNAse, triturated with a 26 gauge needle, and filtered through 40 mm steel mesh. The analysis
was performed using an InFlux cytometer (BD Biosciences, USA) with UV excitation. A total of
20,000 cells were analyzed, and in all cases, a coefficient of variation (CV) below 4.0% was
found. The DNA index and S-phase fraction (SPF) were analyzed for each internal standard in
comparison with lymphocytes using the software program MultiCycle (Phoenix Flow Systems,

San Diego, CA, USA) (51).

4.3 3D Image cytometry

Hematoxylin, thionin, Feulgen and sytox green were used on equal volumes of CEN, TEN and

TTEN for quantitative analysis of DNA content. Thionin stain was optimized for stoichiometry
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by varying the staining time periods. To avoid batch-to-batch variations, thionin stain was

prepared in the laboratory while Feulgen, hematoxylin and sytox green were preordered.

4.3.1 Acidic Thionin Staining

We prepared the acidic thionin stain in our laboratory as per protocol from a previously
published study (52). 13.3 mL of acetic acid is mixed with 24 gm. of tris® base and added 650
ml of water until the reagents got dissolved with constant stirring. Methanol was then added to
make the final volume of 1000 ml. Thereafter, 10 gm. of thionin acetate (Sigma Aldrich, USA)
was added followed by continuous stirring for an hour. The solution was then filtered through

Gelman filter and a final thionin stain of pH of 6.8 was achieved.

After preparation of the stain, 500uL of each standard was fixed with 50% ethanol and then
stained with acidic thionin for 15mins, 30 mins and 45 mins using the suspension technique. In
this technique, we took 500 uL of the sample, and centrifuged it at 500g for 5 minutes. We
aspirated out the supernatant, leaving behind the sample. To this we added 200 uL of thionin
stain and waited for 10 minutes, 25 minutes and 40 minutes before it was centrifuged at 500 g
for 5 minutes; hence the total staining time achieved was 15 minutes, 30 minutes and 45 minutes
respectively. After that we washed it with gradations of ethanol (50%-100%) and later with

xylene twice before inserting it into syringes with optical gel.

4.3.2 Hematoxylin Staining

Similarly for hematoxylin, S00uL of the sample fixed in 50% ethanol was taken and centrifuged
at 500g for 5 minutes. We aspirated out the supernatant, leaving behind the sample. To this we

added filtered tap water to make the volume 100uL and then added 25 uL of 0.22 um syringe-
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filtered Gill’s Hematoxylin solution #1 (Electron microscopy sciences, USA). We centrifuged it
immediately at 500g for 5 minutes and later aspirated out the supernatant. The excess stain was
washed out with two washes of filtered tap water. Then the sample was dehydrated with
gradations of ethanol (50%-100%) and later washed twice with xylene before inserting into the

syringe with the optical gel.

4.3.3 Feulgen Staining

The Feulgen staining was performed following a well-established protocol (53-56). S00uL of the
sample, which had been fixed with Bohm’s fixative, was centrifuged at 500g for 5 minutes and
the supernatant was aspirated out leaving behind the sample. This was followed by washing the
sample with distilled water and hydrolyzing it using SM HCIl at 22 degree Celsius for 40 minutes.
Thereafter excess HCl was washed using distilled water and later the sample was stained with
Schiff reagent solution (Fisher Scientific, USA) for 45 min. The sample was then washed with
sodium bisulphite solution and distilled water. Later it was dehydrated with gradations of alcohol

(50%-100%), washed twice with xylene before inserting it into the syringe with the optical gel.
g p g

4.3.4 Sytox Green Staining

Similar protocol, which was used for hematoxylin was followed. Samples, which were fixed in
50% ethanol, were washed with filtered tap water before staining with sytox green solution
(1:5000 dilution from stock, Invitrogen, USA) for 10 mins. We centrifuged it at 500g for 5 min
and later aspirated out the supernatant. Then the sample was dehydrated with gradations of
ethanol (50%-100%) and later washed twice with xylene before inserting into the syringe with

the optical gel.
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All the syringes are later imaged using the OPTM to obtain 500 pseudo projections and 3D

segmentation is then performed on the reconstructed nuclei as previously described.

4.4 DNA content analysis

Using the previously mentioned segmentation algorithm with implementation in the
VisionX/SIMBA environment (57), 3D segmentation of the fifty-stained CEN, TEN and TTEN
were achieved. Camera sensor was assumed to be linear and uniform illumination was
maintained. All samples were fixed, stained, and imaged under constant conditions, to allow a
direct comparison of the measured data. For each nucleus, intensities of all the voxels in the
segmented nuclear region were added to obtain the total IOD of the 3D nucleus. Since all the
four stains are nuclear stains, the IOD of the 3D nucleus should correlate to the total amount of

DNA content in that nucleus (Figure 11).

For calibrating the OPTM for stoichiometry, the ratios of DNA indices of the internal standards
from our technique were compared to which is FCM. Three ratios TTEN/TEN, TEN/CEN and
TTEN/CEN were used for analysis. The ratios of the IOD between the three nuclei for all the

stains gave us the corresponding ratios of their DNA indices.
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Fig 11. 3D renderings of the axial view of a TEN stained with (A). hematoxylin, (B). 15min
thionin, (C). 30min thionin, (D). 45min thionin, (E). Feulgen and (F). sytox green.

4.5 Results and Discussion

All statistical analysis was performed using either Matlab (MathWorks, Version R2012a, Natick,
MA, USA) or Stata (StataCorp LP, Version 12.0, College Station, TX, USA). The variances of
all the four stains were analyzed using a modified right tail F test after Bonferroni correction (58,
59). For analyzing stoichiometry, the mean square error (MSE) between the ratios of each

individual observation and that obtained from FCM was computed for the all the stains.

The mean and the standard deviation of fifty ratios of individual observations for different stains
using OPTM along with ratios of DNA indices obtained from FCM are shown in Figure 12.

Feulgen was the most stoichiometric stain among hematoxylin and sytox green as shown (Figure
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12A). Thionin with 45min of staining time showed best results among different thionin staining

times (Figure 12B).

B Hematoxylin

M Sytox Green

W Feulgen
B FCM

Ratio of DNA Indices

TTEN/TEN TEN/CEN TTEN/CEN

4.5

B Thionin(15min)

m Thionin(30min)

M Thionin(45min)

Ratio of DNA Indices

B FCM

TTEN/TEN TEN/CEN TTEN/CEN

Fig 12. (A). The mean and the standard deviation of 50 ratios of individual observations for
hematoxylin, sytox green and Feulgen stain along with ratios of DNA indices obtained from
FCM. (B). The mean and the standard deviation of 50 ratios of individual observations for
different thionin staining times along with ratios of DNA indices obtained from FCM.
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4.5.1 Stoichiometry

The MSE of TTEN/TEN, TEN/CEN and TTEN/CEN were highest with hematoxylin staining
and least with Feulgen staining. Among different thionin staining times, 45min thionin had least
MSE while 15min thionin had the highest. Sytox green MSE was greater than both thionin and

Feulgen staining but less than hematoxylin as shown in Figure 13.
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Hematoxylin 6.87511.707 10.647-3.103 1.266+3.796 2.489-0.043 8.533+11.74 11.840-5.265
15 min Thionin 0.214£0.381 0.122-0.360 0.665+0.384 0.510-0.818 1.275+0.939 0.900-1.651
30 min Thionin 0.247+0.362 0.147-0.347 0.120£0.116 0.086-0.154 0.83£1.29 0.453-1.207
45 min Thionin 0.07240.242 0.001-0.142 0.265+0.2701 0.186-0.344 0.498+0.945 0.222-0.774
Feulgen 0.006£.0072 0.002-0.009 0.04410.047 0.22-0.067 0.04610.065 0.014-0.078
Sytox Green 0.46210.468 0.051-0.872 1.02£1.61 -0.387-2.430 1.32£0.653 0.753-1.899

Fig 13: The MSE and its standard deviation along with 95% confidence interval of different
stains.

The MSE of TEN/CEN in Figure 13 was slightly more for 45min thionin than 30min thionin

possibly because male CEN tend to have a higher DNA content than female CEN (60, 61). Both
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male and female trout erythrocytes have almost the same size of sex chromosomes and hence the

DNA variations due to sex related changes could be ignored for them (61). And since we had

used mixed populations of both CEN and TEN, this could have led to an increase in the ratios of

DNA indices when CEN is present in the ratios.

4.5.2 Variability

The variance of hematoxylin staining was statistically greater than 45min thionin as well as

Feulgen staining for all the three ratios. The variance of 45min thionin was also statistically

greater than Feulgen staining for all the three ratios. The variance of sytox green was statistically

greater than Feulgen staining but not statistically greater than 45min thionin for all the three

ratios as shown in Table 1. The variance of sytox green and hematoxylin were statistically not

significant (p>0.01) when compared using a two tail paired F test.

TTEN/TEN TEN/CEN TTEN/CEN
Hematoxylin and 45min Thionin p < 0.00005 p < 0.00005 p <0.00005
Hematoxylin and Feulgen p < 0.00005 p <0.00005 p < 0.00005
45min Thionin and Feulgen p <0.01 p<0.01 p<0.01
Sytox Green and Feulgen p <0.005 p <0.005 p <0.005
Sytox Green and 45min Thionin p>0.01 p>0.01 p>0.01

Table 1: Results of a right tail F test (followed by Bonferroni correction in p value) between

4.5.3 Morphology

different stains.

Morphology was visually compared for all the stains with assistance from Florence W Patten

(CT (ASCP), CFIAC), who is an experienced cytotechnician. Morphology was only preserved
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for feulgen and hematoxylin stain as shown in Figure 14 and Figure 15 respectively. While,
45min thionin showed good stoichiometry, it did not appear to preserve the morphology Figure

16.

Fig 14. 3D visualization of morphology for three different A549 cancer cells stained with
feulgen stain.

Fig 15. 3D visualization of morphology for three different A549 cancer cells stained with
hematoxylin stain.
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Fig 16. 3D visualization of morphology for three different A549 cancer cells stained with acidic
thionin stain having a staining time of 45 minutes

Fig 17. 3D visualization of morphology for three different SKBR3 cancer cells stained with
acidic thionin stain having a staining time of 30 seconds.

Figure 17 shows an extreme case in which the morphology of SKBR3 cells (cultured human
breast adenocarcinoma) was preserved when stained with 30 seconds of acidic thionin. We have
combined some of the benefits of both FCM and ICM, by developing a technique where we can
analyze the DNA content of a cell in 3D without appearing to compromise the nuclear
morphology of the cell. This required two steps, an initial staining of the cell by a stoichiometric
stain followed by 3D imaging of the stained cell. We have demonstrated not only quantitative

DNA staining but also the automated measure of nuclear volume from 3D images.
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Feulgen stain, the gold standard for stoichiometry in 2D (62-64), showed best results in 3D as
determined by highest accuracy (least mean square error) to FCM and least measurement
variance. We optimized the staining time of acidic thionin for stoichiometry and have shown that
45 minutes of staining time is the next best stain for stoichiometry. As expected, it outperformed
hematoxylin, the most common stain used in cytology (28, 33). However, nuclear morphology
did not appear to be preserved for 45min of thionin staining time, making it less suitable for
quantitative DNA analysis. Both hematoxylin and Feulgen preserved nuclear morphology and
hence Feulgen stain can be considered as the overall gold standard for quantitative DNA analysis

in 3D as well.

Like 2D ICM, hematoxylin stain visually enhances nuclear morphology, but showed high
variance and least stoichiometricity in 3D. Consequently, after having been used in diagnostic
cytology for more than a century, batch-to-batch variation, non- specific binding to the nucleus
and cytoplasmic regions makes it inapt for quantitative assessment of DNA (28, 33). On the
other hand, Feulgen stain like in 2D is highly stoichiometric, showed the least amount of
variance and appeared to preserve nuclear morphology in 3D as well (Figure 14). Sytox green
was neither stoichiometric nor preserved nuclear morphology. As shown in Figure 11, residual
cytoplasmic staining was observed for all the absorption stains. However, as compared to other
absorption stains, it was reduced for Feulgen staining. Sytox green showed no residual
cytoplasmic staining. As an alternate stain to Feulgen, 45min thionin showed the least variability
and maximum stoichiometry among all the absorption stains. However, nuclear morphology was
not well preserved, possibly because of high staining time, which might have caused over-

staining and non-specific binding.
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4.5 Conclusion

To conclude, more work has to be put into making OPTM quantitative for DNA content using
fluorescent dye. Nonetheless, in its current state, it can be used to detect various fluorochrome

labeled biomarkers for diagnosis of diseases, including cancer.

In extending DNA image cytometry from 2D to 3D, Feulgen stain still remains the gold standard
compared to thionin, hematoxylin and sytox green. The 3D OPTM images of nuclei with
Feulgen staining along with the automated algorithm of 3D nuclear segmentation demonstrated

the ability to accurately measure DNA content concurrently with conventional morphological

techniques extended to 3D.
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Chapter 5: Testing stoichiometric DNA ploidy analysis with different cancer cell

lines

In order to test that the current combined procedure of sample preparation, OPTM imaging and
computational processing provides stoichiometric DNA ploidy, seven different cultured cancer
cell lines were stained with Feulgen stain. Feulgen stain, which has been shown to be both
stoichiometric as well as preserve morphology, should be able to accurately compute the DNA
index of the individual cancer line. As usual, FCM was considered the reference, as it is

currently the gold standard for aneuploidy measurement.
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5.1 Sample preparation

Cultured human cancer cell lines of A549 (lung adenocarcinoma), BT474 (breast carcinoma),
CaCO2 (colorectal adenocarcinoma), HepG2 (liver carcinoma), HT29 (colorectal
adenocarcinoma), PC3 (prostate carcinoma), SKBR3 (breast adenocarcinoma) and NL 20
(normal human lung epithelial) from ATCC were used. Trout erythrocyte nuclei were used along
with cancer cells on OPTM as an internal standard to determine the position of the diploid peak
(2c). Human lymphocytes (HemaCare Corporation, USA) along with cancer cells were used to

calculate the D.I of each cancer cell line using FCM.

5.2 Flow cytometry

Flow cytometry was performed in Dr Peter Rabinovitch laboratory, Department of Pathology, at
University of Washington. Standard FCM was performed on all the seven cultured cancer cells
and lymphocytes, which were fixed in 50% ethanol according to the conventional protocol and
the manufacturer’s instruction (50). Each sample was resuspended in an isotonic pH 7.4-buffered
solution with 0.1% nonidet P-40 detergent, 10 ug/ml diamidino-2-phenylindole (DAPI) and 1%
RNAse, triturated with a 26 gauge needle, and filtered through 40 mm steel mesh. The analysis
was performed using an InFlux cytometer (BD Biosciences, USA) with UV excitation. A total of
20,000 cells were analyzed, and in all cases, a coefficient of variation (CV) below 4.0% was
found. The DNA index and S-phase fraction (SPF) were analyzed for cancer cell in comparison
with lymphocytes using the software program MultiCycle (Phoenix Flow Systems, San Diego,

CA, USA) (51).
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5.3 3D image cytometry

The cultured cancer cells along with TEN’s were stained with feulgen stain as described in
section 4.3.3 simultaneously. After preparing the sample and inserting the sample into the
syringe, 100 images of each cancer cell and TEN were acquired and reconstructed as described
in section 3.3 and 3.4 respectively. 3D segmentation of the nucleus from the cell using global
threshold technique was performed as described previously in Figure 8. Note that the second
peak was used as the threshold to segment out the nucleus as the first peak is used to segment out

the cytoplasm from the background.

After 3D segmentation, all the voxels inside the nucleus were integrated to provide an IOD of the
cancer cell as described in section 4.4. Similarly IOD of corresponding TEN were calculated and
scaled to match the IOD of a normal human diploid cell. The ratios of these two IOD’s gave the

D.I of individual cancer cell line.

5.4 Results and Discussion

5.4.1 DNA index

The IOD’s of TEN’s were scaled and then used to transform the arbitrary unit scale of the cancer
cells into a reference unit scale (2c, 4c, 6¢ etc). Correspondingly, DNA histograms were plotted
and DNA indices were computed for each cancer cell. Figures 18-24 below show a comparison

between histograms obtained from FCM and that obtained from OPTM.
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Fig 18. Comparison of histograms of PC3 from FCM and OPTM. Histogram from FCM contains
both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells. There
was a good correlation between both the histograms as most of the cancer cells were
concentrated around 4c region. The small green peak and the blue peak following the 4c in the
FCM histogram corresponds to the S phase and the G2 phase of the tumour population.
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Fig 19. Comparison of histograms of HT29 from FCM and OPTM. Histogram from FCM
contains both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells.
There was a good correlation between both the histograms as most of the cancer cells were
concentrated after 4c region. The small green peak following aneuploidy peak in the FCM
histogram corresponds to the S phase of the tumour population.
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Fig 20. Comparison of histograms of HepG2 from FCM and OPTM. Histogram from FCM
contains both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells.
There was a good correlation between both the histograms as most of the cancer cells were
concentrated before 4c region. The small green peak and the blue peak following aneuploidy
peak in the FCM histogram corresponds to the S phase and G2 phase of the tumour population.
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Fig 21. Comparison of histograms of CaCO2 from FCM and OPTM. Histogram from FCM
contains both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells.
There was a good correlation between both the histograms as most of the cancer cells were
concentrated at 6c region. The small green peak following aneuploidy peak in the FCM
histogram corresponds to the S phase of the tumour population.
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Fig 22. Comparison of histograms of SKBR3 from FCM and OPTM. Histogram from FCM
contains both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells.
There was a good correlation between both the histograms as most of the cancer cells were
concentrated after 4c region. The green peak following aneuploidy peak in the FCM histogram
was removed for better visualization of the aneuploidy peak with lymphocytes.
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Fig 23. Comparison of histograms of A549 from FCM and OPTM. Histogram from FCM
contains both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells.
There was not a good correlation between both the histograms as the aneuploidy peak in FCM
histogram lied between 2¢ and 4c while the peak in histogram from OPTM was near 4c. The

small green peak following aneuploidy peak in FCM histogram corresponds to the S phase of the
tumour population.
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Fig 24. Comparison of histograms of BT474 from FCM and OPTM. Histogram from FCM
contains both lymphocytes and cancer cells, while histogram from OPTM only has cancer cells.
There was not a good correlation between both the histograms as the aneuploidy peak in FCM
histogram was at 6¢ while the peak in histogram from OPTM was between 4c and 6¢. The green
peak following aneuploidy peak in FCM histogram was removed for better visualization of the
tumour peak along with lymphocytes.
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Fig 25. A comparison of DNA indices of seven different cancer cell lines from FCM and OPTM.
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According to European Society for Analytical Cellular Pathology guidelines (ESACP) (46), a
specimen is defined as diploid when there is only one peak (which was 2c, or DI = 0.9-1.1)
during the GO or G1 phase, when the number of 4c nuclei during the peak of the G2 phase has
not exceeded 6% of the total, or when the number of nuclei with a DNA content of >5¢ has not
exceeded 1% of the total. It is defined as DNA tetraploid when there is a population of 4C nuclei
(DI =1.9-2.1) >6% of the total, representing stage G2 of the cell cycle. It is defined as aneuploid
when there is a population of nuclei with abnormal DNA content, separated from the diploid
peak (DI >1.1), and representing >2.5% of the total or when the number of nuclei with a DNA
content of >5c or 9c exceeded 1% of the total. Aneuploid cases are further divided into near-

diploid aneuploid (1.1-1.29) and aneuploid (1.30-1.89) (65) as shown in Figure 25.

Classifying the seven cancer cells based on the classification from ESACP, since there was good
concordance between FCM and OPTM for PC3, HT29, HepG2, CaCO2 and SKBR3 they are
tetraploid, tetraploid, hyper diploid, pentaploid and pentaploid respectively. However A549 was
hyper diploid from FCM and tetraploid from OPTM. Similar was the case with BT474, where

there was a mismatch of DNA indices from FCM and OPTM (Table 2).

Cancer cell line OPTM FCM
PC3 198 2019

HT 29 198 203
Hep G2 149 1:52
CaCo2 249 141
SKBR3 2149 337
AS549 224 1.76
BT474 348 326

Table 2. DNA indices of seven cancer cell lines from OPTM and FCM.
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One of possible reasons for the different DNA indices between FCM and OPTM for A549 and
BT474 was the 3D segmentation. It was observed that the global threshold technique used to
segment out the nucleus of the cancer cells was not accurate (Figure 26). However it showed

great results for perfectly circular or symmetrical objects like the standards used for calibration.

Fig 26. Performance of global threshold segmentation technique on A549 cancer cell line. (A)
and (C) show the segmentation of cytoplasm on central slice of two different A549 cancer cells.
(B) and (D) show the segmentation of both cytoplasm and nucleus on central slice of the same
cancer cells.

Another possible reason for this disagreement could be errors in the OPTM system. There were
many assumptions taken while computing the DNA index of the sample. It was assumed that the
rays falling on the specimen were parallel, however due to the high NA of the condenser and the
objective the illumination was non-collimated. Further, it had also been proven that the sample
does not show 100% absorption. There is partial refraction (66) as well, due to which a modified
beer lamberts law might be required for calculations. Further during image acquisition, the focal

plane of the condenser was stationary while the focal plane of the objective scans the specimen
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axially (66). This causes artifacts during 3D reconstruction, which could have also been one of
the reasons for this disparity between the DNA indices. It had also been shown that there is
incomplete scanning of the specimen by the objective resulting in having incomplete 3D
reconstruction of the specimen. This would indirectly affect the nuclear volume and hence the
DNA index. It was due to these systems errors, that ratios of DNA indices were taken into

considerations rather than absolute values.

Figure 27 shows a plot of the coefficient of variation (CV) of TEN computed by FCM and
OPTM. It was observed that OPTM gave an average CV of 10% as against FCM, which showed
4%. This suggests that OPTM currently has a high standard deviation when calculating DNA

indices as against FCM.
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Fig 27. Comparison of coefficient of variations of TEN between OPTM and FCM.
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5.4.2 S-phase fraction

The SPF of each cancer cell lines was computed by FCM as shown in Table 3.

CANCER CELL LINE SPF

A549 (human lung adenocarcinoma) 17.63%,
SKBR 3 (human breast adenocarcinoma) 25.06%
BT474 (human breast carcinoma) 16.62%
CaCO2 (human colorectal adenocarcinoma) 24.65%
HepG2 (human liver carcinoma) F48%
HT 29 (human colorectal adenocarcinoma) 16.27%

PC 3 (human prostate carcinoma) 1R%

Table 3. Table representing SPF values of different cancer cell lines.

SPF values are more accurate for FCM than ICM as FCM analyses a much more bigger sample

size to evaluate the SPF than ICM.

5.4.3 Morphology

Morphology was preserved for all the cancer cell lines stained with feulgen stained (Figure 28).
Further the morphology of an A549 lung cancer cell was compared with that of NL20, a normal

human lung epithelial cell line and distinct differences were observed (Figure 29).
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Fig 28. 3D axial views of (A). CacO2 cell (human colorectal adenocarcinoma), (B). HepG2 cell
(human liver carcinoma), (C). HT29 cell (human colorectal adenocarcinoma), (D). PC3 cell
(human prostate carcinoma), (E). SKBR3 cell (human breast adenocarcinoma) and (F). BT474
cell (human breast carcinoma) stained with Feulgen stain.
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Fig 29. 3D images of (A). axial, (B). sagittal and (C). coronal views of an A549 cell (human lung
adenocarcinoma) in comparison with 3D images of (D). axial, (E). sagittal and (F). coronal views
of NL 20 (normal human lung epithelial cell) stained with Feulgen stain. The nuclear
morphology of a cancer cell is distinguishable from a normal cell from culture. NL20 has dense
concentrated chromatin content while A549 has a much more complex and heterogeneous
chromatin content.

5.5 Conclusion

Feulgen stain showed accurate DNA index assessment for all the seven cancer cell lines except
A549 and BT474. Differences in DNA indices of both these cancer cell lines could be explained

by inaccurate 3D segmentation and system errors.

Morphology of all the cancer cell lines was preserved with feulgen stain. Distinct 3D

morphological features were seen between A549 (lung adenocarcinoma) and NL 20 (normal
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human lung epithelial), suggesting that in future it can be also used as a biomarker for early

cancer diagnosis.
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Chapter 6: Future directions and Conclusion

6.1 Clinical Impact

OPTM is a technique through which we can obtain 3D information of single cells. VisionGate, a
small start-up company based in phoenix has commercialized this as Cell-CT (67). VisionGate
uses the Cell-CT to build classifiers based on 3D features for early lung cancer diagnosis (68).
Our technique of stoichiometric DNA ploidy analysis could strengthen existing classifiers for

diagnosis of lung cancer at an early stage.
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Sputum samples generally contain only 1% of respiratory epithelial cells and rest are squamous
cells, macrophages and debris (69). Of these 1% epithelial cells, very few are cancer cells. This
sample if run on an FCM would not be able to give accurate DNA ploidy assessment. However,

accurate DNA ploidy analysis could be achieved using OPTM.

VisionGate basically enrich induced sputum samples for respiratory epithelial cells. They then
stain it with hematoxylin and image it using Cell-CT. Various classifiers are then run over the
sample to analyze whether the original sample had cancer cells or not. The addition of our
technique of quantitative DNA ploidy assessment in combination with existing biomarkers

would strengthens the existing classifiers for an improved lung cancer diagnosis.

6.2 Improved OPTM

For DNA ploidy analysis, we had used a second generation Cell-CT and had made many
approximations like the specimen being 100% absorptive, parallel illumination etc. Most of these

issues have been addressed in the newer generations of the Cell-CT manufactured by VisionGate.

Further, inspite of having high sensitivity and specificity, one of the biggest limitations of Cell-
CT is its low throughput. Though VisionGate has made substantial improvements in increasing
the throughput to nearly 1 cell per second (30 times more than the second generation), even
greater improvements in throughput are probably necessary for it to compete with the existing

devices in the market.

52

www.manaraa.com



6.3 Improved 3D segmentation

It was observed that the global thresholding technique used for 3D segmentation of nuclei was
accurate for perfectly symmetrical or circular objects like the internal standards or lymphocytes,
but not for irregular shaped structures like the cancer cells. It sometimes segmented a greater

region than the actual nuclei and sometimes less as shown in Figure 26.

The computer vision and analysis group at Cornell University has recently developed a new
technique for accurate 3D segmentation. Graph cut using convex hull has showed far superior
performance than the traditional global thresholding technique especially for irregular shaped
objects like the cancer cells (Figure 30). This segmentation algorithm is far more complicated
and adaptive than global thresholding technique in which after applying graph cut segmentation,
a convex hull algorithm is used to predict and complete the boundaries of the 3D segmented

nuclei.
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Fig 30. Performance of three different 3D segmentation algorithms used on cancer cells. The left
most column shows central slice of the cancer cell followed by segmentation of that cancer cell
using gradient method, followed by segmentation of that cancer cell using graph cuts methods,
followed by segmentation of that cancer cell using graph cut with convex hull algorithm and
finally 3D visualization of cancer cells using graph cut and convex hull to the far right.

Using this new 3D segmentation technique we plan on reanalysing the data for cancer cells and
hope to achieve better accuracy for DNA indices, especially for A549 and BT474. It was also
observed that in A549 there were more number of nuclei having bigger segmented regions than
number of nuclei having lesser segmented regions. However, the case was totally reverse for
BT474. This could be a probable reason for DNA index of A549 to be greater with OPTM than
FCM and DNA index of BT474 to be less with OPTM than FCM. Using this improved 3D
segmentation we hope to achieve accurate 3D segmentation, in which both these types of error
would be reduced. This would not only result in good correlation with FCM but also would

potentially reduce the CV of OPTM as against FCM (Figure 27).
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6.4 Tissue Biopsies Analysis

Apart from doing single cell analysis, another possible future of OPTM could be analysing tissue
samples (70). Tissue biopsies taken by pathologist for diagnosis are very common in cytology.
They take biopsies and then later view them under bright field microscope. Just like
cytotechnician who look at characteristics of individual cells, pathologist look at gross
morphology of the tissue. The advantage of analysing tissue samples is that sometimes for some
cancers it gives far more information than analysing single cells. Due to this pathologist

sometimes prefer analysing tissue samples to single cells.

As with single cells analyses, there are a number of scientific and technical problems that need to
be addressed before using OPTM for tissue sample analysis. Scattering of light, the sample being
very large and preparation of the sample for OPTM imaging are some of the problems, which

make OPTM quite difficult for tissue analyses.

6.5 Conclusion

In this study we have successfully performed 3D DNA image cytometry using optical projection
tomographic microscopy for early cancer diagnosis. This is the first study that has quantitatively
measured DNA content in 3D using absorption stains for cancer diagnosis. OPTM is an imaging
flow cytometer, which combines few of the benefits of both image as well as flow cytometry. It
is superior to traditional image cytometers as they are all two-dimensional and is ideal for small

population samples unlike flow cytometer, which are ideal for large population samples.

Using OPTM, we have shown that feulgen stain is the most accurate, least variable stain in terms
of stoichiometry and also preserves nuclear morphology in 3D. Further hematoxylin stain, the

most common stain used in cytology is not at all stoichiometric and has high variance, inspite of
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preserving nuclear morphology. Acidic thionin stain, which was stoichiometric and preserved
nuclear morphology in 2D, showed good stoichiometry but did not preserve nuclear morphology
in 3D. We also performed quantitative DNA content analysis using sytox green, a fluorescent
stain and showed that it is more stoichiometric than hematoxylin but less than acidic thionin and
feulgen stain. More work has to be put into making OPTM quantitative for DNA content using
fluorescent dye. Nonetheless, in its current state, it can be used for quantitative DNA ploidy
assessment using absorption stains along with detection of various fluorochrome labeled

biomarkers for diagnosis of various diseases, including cancer.

We further tested out feulgen stain on different cancer cell lines and obtained good correlation
with flow cytometry, which is currently considered the gold standard for aneuploidy. However

there was a mismatch of DNA index between two cancer cell lines, A549 and BT474.

We also developed a novel algorithm using global thresholding technique for 3D segmentation
of nuclei from a cell. We further observed that this algorithm showed superior performance with
symmetrical or circular objects, but failed to segment irregular shaped objects, seen more often
with A549 cancer cell line. We have also proposed to reanalyse the data for cancer cells using an

improved segmentation algorithm, which uses graph cuts algorithms with convex hull.

Hence, aneuploidy or quantitative DNA content assessment is a biomarker, which can be

integrated into the Cell-CT to strengthen existing classifiers for early lung cancer diagnosis.
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